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PARTICLE IDENTIFICATION IN ULTRARELATIVISTIC NUCLEAR COLLISICNS

N.J. DIGIACOMO

Physics Division, Los Alamos Mstiona! Laborastory,
Los Alamos, New Maxico B7545, USA

and

EP Division, CERN, Geneva, Switzeriand

The role of particle identHicstion (PID) in both fixed-target and colliding-
beam studies of uftrarelativistic nuclear (URN) collisions is exarmined. The
dsmands pleced on the PID systems by peculisrities of URN co!lis‘ons,
such as large muttiplicities and the need for simultaneous messurement of
a number of observables, are discussed. A veriety of PID techniques are
reviewed, with emphasic on their spplicability and efficlency in the
environment of such collisions. Two examples of PID as Incorporeted into
existing fixed-terget nuciear-bearn experiments are presented.

1. INTRODUCTION
What follows is en ettempt at & genaersl discussion—-an overview as it

were — of PID in URN phrysics experimentation. The design of a specific detector
or expiriment s not the etm of this paper. Spece constraints also raquire that
somy toplics ramain untouched, such as the role of PID in the trigger system.
Rather, the reader is offered one view of the oversll demands URN collisions will
place on detector systems and the utility of presently avaliatie PID techniques in
such environmaents.

in order to diagnose the spece-tims evolution of the high snergy density
hadroriic master formaed in URN collisions, one must study the change. in flavour
composition, transverse-momaentum distributions, end correlations of produced
particles ss a function of observables such ss transverse-energy flow and
svallable contre-af-mane (c.Mm.) energy on an event-by-event basls. The need for
particie identification in such experiments ls Quite apparent  one accepts the
above &8 an ocerations! definition uf the problem. One can krosely group the
speacific measurrments that should be 1nade (simuttaneously, as we shall see) in
the following way:
- The STANDARD measurements such as inclusive species tdentification and

transverse-momentum distributions
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- The TOPICAL measurements such as the productior rate of strange
antibaryons’. Such signals rest on theoretical assumptions (e.g. thermalization
of energy) that have not yet been justified by experiment.

- The measurements that will make axperimenters RICH AND FAMOUS, nemely
the observation of exotica (s.g. swable or quasi-stable quark matter?,
fractionally charged objects or, better yet, something totally unanticipated).

~ The DIFFICULT BUT NECESSARY messurements such as low-mass lepton
peairs, multi-(charged) particle correlations, direct photons and photon-photon
correlations.

Tne nature of URN interactions and the physics that one hopes to extract
together place demands on detector systems that are rather different from those
that have led to the cisssical collider detectors »f modern particie physics. it is
instructive to discuss some of these peculisrities and investigate their manifold
implications. But first, let us examine the particle composition of multiplicity »s a
function of distance from an URN collision n order to better sppreciate the
problem at hand.

2. COMPOSITION OF THE MULTIPLICITY

in Fig. 1 a schematic view i given of the relative composition ot multiplicity at
various distances from the vertex (or, if one prefers, as s function of time after
the interaction). immediately after the collision a 200 of charged and neutra!

Relatve

'r.:'mn‘
awitginity
[ LX) D '_D l'l [j
(EX I . R [ o WO oo
. N .
' LS — R . U =
L r
o A
L .
ot o S e
0.0..'
P mmecsmtvat—y —-——-—ﬂ—
, n_n n
e e e
Rotel Batonis frem mietatinn itel
FIGURE 1

Schematic view of the composition
of muitiplicity in URN collisions ss 8
tunction of distance from the
interaction vertex.
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particles emerges into the detectors. Shown in Fig. 1 are e variety of ejected
particles that reflect interesting aspects of the space-time evolution of the
interaction, e.g. real and virtual photons thst retain an ss yet unadulterated
memory of the Fighest energy density phase of the collision and the hyrerons
that ere believed to retsin some memorv of the strange quark-antiquark
production in the esarly stages of the intersction. On the scaie of a few
centimetres from the intersction vertex one sees a photon signal that has long
been swamped by x° decay photons. Lepton pairs from vector meson decay
have slready joined the direct lepton pairs. Hyperons are wstill detectable if
tracked in the large pion, keon, snd hadron bsckground. On the scale of 8 metre
or so one sees that all signs of the hyperon content of the muhiplicity are lost
into the pion, keon, and nucleon hordes, and that ksons are beginning to
contribute to the plon and lepton multiplicities. On the scale of metres, sl kaons
and most pions have decaysd away, cresting an snormout lepton background in
which the direct lepton signal is buried.

it appears, then, that any detector designed to infer back'~erd from observed
ejected particles to the high-energy density phase of the collision must have the
requisite PiD abllity incorporated into the tracking and energy-tflow measurement
throughout the detector. it is this interwesving of PID, tracking, and calorimetry
that we identify as one of the paramount considerstions in the design of URN
detectors.

There are more specific lessons to be drawn from this exercise.

1) Lepton-psir messurements require that the large pion flux be absorbed out
as close to the vertex ss pos:sible. This is pbviously inconsistant with tracking
closs to the vertex in the same rapidity intervals.

i) The identification of short-lived particles (e.9g. hyperon3) will involve
tracking in 8 very dense background of other particies.

i) Messursment of direct photons will be if anything an even more difficult
problem then usus! ir: particle physics®, glven the combinastoris! limitations on «°
reconstruction in high-muftiplichy environments a..d the photon backyrounds
expected near calorimeter slits.

iv) The need 10 maintain sensitivity to new particles implies some charge and
mass resolution close to the intersction vertex, placing strong constraints on
tracking devices in this region.

v} Finally, we note that there will be additionel modification of the relative mix
of multiplicity and thus an increase In ditficulty of messurement due to the
detectors themselves, for example photon conversion electrons produced by
tracking-chambar material that will further pollute the direc. electron pair signal

3. PECULIARITIES AND IMPLICATIONS

Let us elaborete o little on what distinguishes URN gollisions from more
classical slementary particle interactions.

HIGH MULTIPLICITY: Total muttiplicities to 17*, distributed rether uniformly in
the c.m. frame, are snticipated in colliding-basm expeiments with very heavy
nuclei. Globa! tracking of such events presents a significant technics! challenge,
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to say the leas:. Before undercaking such efforts, one must first present a
plausible physics case for tracking all charged particles. One presumes that
‘sampling’ (i.e. in solid angle) tracking in conjunction with global energy-flow
meassurement will constitute the first step. However, the question of global
versus sampling tracking will probably persist well into the second round of
collider experiments.

Not only is the aversge multiplicity large in such collisions, but one also
expects strong fluctuations. One will study, then, the tails of such distributions
for indications of unusual behaviour (see below). Thus, detectors must be able to
function in mutltiplicity environments many times the mesn muhtiplicity.

High multiplicity means fine segmentation of detectors. "he multiplicity per
unit solid sngle in the centrs of mass expacted in URN collisions is, it is
interesting to note, similar to that expected in the dense centres of jets In very
high energy proton-antiproton collisions. The ditference. of course, is that in the
former the density is rather uniform over the whole solid angle. The
ssgmentation question in URN collisions is, then, not unrelated to that in
conventionsl jet physics.

tt is quite important to note that combinatorial constraints will quickly become
8 limiting factor in high-multiplicity environments. Low-mass electron pair
measurements, for example, in the moderste multiplicity environment of
tixed-terget experiments at SPS energies are already known to be limited by
combinatorial background from pion Dalitz decays®. This is not » background
that can be overcome by mors or better detectors, but s fundamental limitation
on the physics that can be extracted from URN collisions.

LACK OF A CLEAR SIGNAL: It is generous to sey that there are faw signals
that one can presently point to as unequivocally indicative of interesting new
prysics in URN colliisions. As mentionad sbove, talls of the multiplicity (cr
transverse energy) distributions offer an interesting class of events to look at.
However, one must examine a variety of observables simuitaneously in order to
infer the space-time evolution of the interaction and corroborate the unusual
behaviour of any one observable. This is sn important point snd makes ar
exparimentalist's life rather difficuit. Not only (s one facing measurements that
are sometimes physically incompatible (e.g. the sforementioned muon/hypsron
problem), but one must measure a wide varisty of particles over a broad dynamic
range at the same time in order to obtain information from sll stages of the
interaction. One aspect of the above that relies strongly on particle identification
is the search for exotic particles or new quesi-stable to stable forms of hadronic
matter produced in URN collisiont.

The lack of clear signals implies also that one will perform scans in likely
observebles (such as transverse energy and tota! available c.m. energy) in order
to search foi thresholds. The latter is particularly relevant to the collider mode of
operation.

BROAD RANGF OF KINEMATICAL CONDITIONS: tt is often said that the study
of URN collisions is facilnated by the fact that the traneverse momenta expected
are rather moderate {l.e. & few hundred MeV/c). In fact, this helps only some



measurements and then only in a narrow kinsmatical regime: for example, in the
central region in a collider, momentum measurement is made simpler by the low
lab momentum of the particles. However, calorimetry becomaes problematic in
this same region owing to non-linearities in the response of calorimeters to
particles in the range of 1 GeV/c end below. in addition, one ie interested in not
only the central region (the so-called baryon-fres region) but elso the
tragmentation (or baryon-rich) region. Add to this the fsct that 8 number of
complex tixed-target experiments will be built before a collider begins to operate
and it becomaes clear that the dynamic range over which particle identification
must operate in URN physics is enormous, ranging from siow nuclesr fragments
to multi-hundred GeV muons.

4. PID TECHNIQUES

Let us now turn to the available PID techniques and examiie them with an eye
towards their utility ano efficiency in the URN collision environment. in this
‘guide Michelin’ we list the pluses and mir.uses of sach technique, with sutficient
references to aliow the interested reader to pursue any given technique in more
depth. Whers we refer below to particles as identifiable, we implicitly include
their antiparticles uniess otherwise noted.

TIME OF FLIGHT USING SCINTILLATORS »/X/p*

- Low-momentum renge (< 2 GeV/c). Limited potential for segmentation due
to bulky resdouts. Magnetic field shieiding problem for photomuttiplier (PM)
tubes.

+ Mapture technique.

TIME OF FLIGHT USING PLANAR SPARK COUNTERS =/X/p*
~ New technology. Sagmaentation potential unclear.
+ Better momentum range (few GeV/c).

IONIZATION ENERGY LOSS x/X/p, high-Z particies’

- Messurements using both -2 and relativistic rise are posaible, but there are
ambiguous regions in momentum that require use of other techniques in
conjunction with dE/dx. Meassurement of dE/dx in tracking chambars places
demands on gas and pressure that can compromise tracking ability®.

+ Good momentum range (tens of GeV/c) using the relativistic rise of energy
loss in gases. Ability to contribute to identitication of haavier particles is
impertant. Energy resolution from 7% to 18%.

THRESHOLD CHERENKOV x/X/p ™!

~ Very limited segmentation ability. Limited opersting range for a given
detector owing to fired threshold/index of reiraction. Becomaes technically
difficult if pressurized gases on cryogenic liquids are required, though advent
of seroge! shinplifies design. Photomuhtiplier tube problems here also.
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+ Mature technology. Good momentum range (to 10 GeV/c) in conjunction
with time of flight (TOF), dE/dx.

RING-IMAGING CHERENKOV DETECTOR e/h, x/K/p '°

~ Complex, new techrology: photon detection involves multistep chambers
with low-prassura photosensitive vapours to obtain the high gains necessary
for ~ 10 photoslectrons per ring.

+ Excellent momentum range (1-36 GeV/c with two-radiator system).
Excellent segmentation; overlapping rings can be resolved. Ring-imaging
Cherenkov (RICH) detectora csn be used as an slement of a tracking systam
{i.,e. centre of rings). Compact construction possible. Can be operated in
threshcld mode for e/h separation.

TRANSITION RADIATION DETECTOR eo/h "

- New technology. Compact transition rediation cetector (TRD) difficutt owing
<0 low photon yield per unit length of radistor. Number of readout channels
becomes quite larce in finely segmented device.

+ Excellent range (2 < p, < 100 GeV/c) for elactron identification.
Segmentation limited only by that of proportional chambers; as such TRD fits
well into tracking/calorimeter system as both a PID and a tracking element.

CALORIMETRIC PARTICLE IDENTIFICATICN ~y/e/h '?

Full energy measurement (Nal, BGO, BaF;, Csl, Isad-glass) PID vis comparison
of measured energy and indepandsently messured momentum. Energy resolution:
dE/E = (2-B)%/VE . Good ssgmentation possible, but costly. Phovodiode
readouts can reduce cost, sliminate PM tube problems.

Sampling calorimeter ~/e/h "’

Ssmpling calorimeters with separate electromagnatic and hed-onic parts
e«ploit large ditferences between radiation length and interaction length for
high-Z materials. Good sagmentstion possible, but only moderate energy
resolution: Electromagnetic dE/E = (14-25)%/VE, hadronic (25-80)%/VE.

Celorimetric particle identification «/K/p

Use of latersl and longitudinal hadronic showar development ana hadronic
stopping characteristics in cslorimeters is potentislly 8 powerfu! PID technigue.
The utility depends on iatersl and longitudinal segmentation, and detailed
xnowledge of the shower developinent and calorimeter response to all particles
in the shower. kdentificetion of sntiprotons ennihilating in a U/scintiliator
celorimeter has airesdy been demonstrated by the Axisl Field Spectrometer
(AFS) Colistorstion at the CERN Intersecting Storige Rings (ISR)'. The
possibility of using finely segmented (both lorgitudinal and trensverse directions)
celorimeters'® to identify low-energy hadrons by their ionization and stopping
cheracteriatica should be investigated.

KINEMATICAL TUNING IN COLLIDING BEAM-MODE
While not a PID technique per se, ore can nonetheless contribute significantly
to the PID protlem in colliding-bssm experiments by colliding besms of tw»
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different energies in order to compress or expand (in the lab) regions of interest
in the c.m. frame. This is of particular interest in the fragmentaticn region where
one might want to work at lower c.m. energies. For exampla, 100 GeV/A on
5 GeV/A (squivalent of a 22 GeV/A symmetric beam energy collision) puts Y, =
4.76 at 4° in the lab as opposad to 1° in the symmetric case.

ABSORPT/ON AND RANGING

As noted earlier, one uses dense absorbers to range out, as close to the vertex
as posiible, pions and kaons thst otherwise would decay snd generate an
undesirable background for the direct muons. The absorber should, of course, be
calorimetrized in order 1o provide transverse-snergy flow measurements for both
trigger and off-line analysis purposes.

PHOTON CONVERSION'*

Measurement of photons in the range above tens of MeV via conversion into
e’ /e~ pairsis 8 well-astablished technigue. ht can be implemented in conjunction
with s general-purpose charged-particle spectrometer, but implies constraints on
the magnetic fisld (owing to the low rigidity of the electrons) and tne thickness
of chambaers and interspersed material (to minimize muhiple scattering and
energy loss).

6. PID IN EXISTING FIXED-TARGET NUCLEAR-BEAM EXPERIMENTS

Tuming now to the question of integrating PID detectors intc experiments, we
begin with what exists. The CERN Super Proton Synchrotron (SPS) ion-beam
progremme is well slong at the pressent moment, with six axperimenta preparing
for ion baams in November-December 1986. We choose as examples two
elsments of the High Energy Lepton &nd fon Spectrometer (HELIOS) (nde NA 34)
experiment' . HELIOS combines full solid sngle (in the cenire of maass)
electromagnetic and hadronic calorimeter coverage with sn external magnetic
spsctromaeter for charged perticles and photons, a s.perconducting muon-pair
spsctrometer, and @ powerful forward spectrometer for single-lepton
measurements.

We concentrate first on the HELIOS external spectrometer as an example of
how a variety of conventional PID techniques cen be sssocisted with drift
chambers, 8 magnetic field, and calorimatry, to make @ ‘sampling’ measurement
of the flavour compaosition, transverse-momentum distributions, and correiations
of particles emansting from the central rapidity region in light-lon nucleus
collisions at Vs = 20 GeV (fixed target). The axterns! spectrometer views the
target through a sma!l solid angle (20 mer) slit that extends from 15° to 45° lab
tapproximately 2.0 to 0.9 in lab rapidity) end x1.2° in azimuth in the
uranium/scintiliator wall. The slit size is choten small enough not to compromise
the energy flow measured by the calorimeters and large snough to sllow an
sverage of one charged particle into the acceptance for central oxygen-uranium
collisions at 200 GeV/A (bused on HUET simulations). The spectrometer can
handle iarger muttiplicities, the limit being related to the granularity of the TOF
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FIGURE 2

A plan view of the HELIOS externa! spectrometer. The
spasctromaeter looks at the target region through & narrow (in
azimuth) slit in the calorimetar wall. See text for details.

elements (40 st the present time). A plan view of the spectrometer is given in
Fig. 2. There asre TOF elements, serogel threshold Cherenkov detectors,
jonization energy-loss messurements in drift chambers and in scintillators,
calorimaetric PID in external calorimeters, snd s photon-conversion device based
on a thin converter and proportional chambers.

The spectrometer represents s synthesis of standard techniques into a device
that can handle moderate muitiplicities over a limited solid angle. lts use in the
multiplicity snvironment of much heavier incident iona (e.g. 8 factor of 8 increase
in mukipiicity could essily be sesn with incident Au ions) or in a collider
snvironrivent is obviously not possible. Modifications and extensions that would
sllow such operaticn sre possible and will be discussed. Let us first comment on
the performance of the present device.

Using the TOF and threshold Cherenkov detectors one has 3o separation of
=/K/pup t0 2.6 GeV/c end #-K/p up to 3.8 GeV/c, based on use of asroge! with
an index of refraction of 1.028 and a TOF resolution of 0.7 ns. lonization
measurements in the drift chambaers and scintillstors will be useful in identifying
heavier particles (and changes 'n lonization as » function of distance from
target), though thers are only 18 dE/dx samples in the chambers. The
photcn-conversion detector consiets of two proportions! chambers, one on each
side of the thin convarter, that provide a conversion trigger. The electrons are
momaentum analysed in the drift chambers and magnet.

The segmentation is sdequate for the proton and light-ion physics to be
tackied by HELIOS in the immediate future. Nonetheless, In the context of this
paper we must address the possibility of upgrading the device for heavier ions
snd colliding-besam operstion. One could, to soms extent, increase the
segmentation (and performance) ot the acintilator TOF and threshold
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Cherenkov. it would seem more sensibie, however, to consider employing TOF
spark chambers snd uftimately 8 RICH to improve PID and segmentation.
Similarly, use of 8 TFC with good ionization measurement nesrer the target could
provide additional tracking and good vertex measurement for hyperon
identification. indeed, such s device becomes the prototypical colliding-beam
‘slit spectrometer’. We note that the shape of the HELIOS external spectrometer
slit was esgsentially dictated by the mechanical construction of the existing
calorimeter modules. At the slit, the upper celorimeter wall is supported by a thin
structure of aluminium Hexcel with 8 tots! thickness of 0.8 g/cm?. In collider
experiments one would design in the siits from the beginning, allowing reduction
of both the mass of the supporting material filling the slit and the leakage from
energy deposited in the calorimeters that define the siit'’, and perhaps some of
the slements could be built into the slit volume itself for compactness in order to
back up the whole slit by additional calorimetry.

6. TRANSITION RADIATION DETECTORS

We discuss now a novel TRD!! that pleys both PID and tracking rofes in the
electron spectrometer of HELIOS'’. This spectrorneter (Fig. 3) consists of
high-precision silicon-pad detectors and dritt chambers, a highly segmentad
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FIGURE 3
A plan view of the HELIOS electron spectrometer. In this
view the sxternal ard muon spectrometers are not shown.
The elements of the slectron spectrometer are the silicon
peads near the target, DC1, 2 and 3, the calotimetrized
magnet or MAGCAL, the TRD anc the uranium/liquid argon
calorimeter.
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U/liquid-argon electromagnetic calorimetar, @ calonmetrized magnet, and a8
segmeanted TRD. The system is designed 10 reject picns in favour of electrons at
a level of betrter than 107’ mt the trigger level vis the silicon pads, the
electromagnetic calorimeter, and the TRD. The rejection factor is defined as

R, .= s, ’s, whers s, = 80%

cnd e in the etficiency in cetecting a plon or an electron. Momantum snalysis (off
line) of the slasctrons in coniunction with celorimeter information (i.e. neutrinos
via missing energy and improved pion rejection) provide the means to
quantitstively understand prompt lepton producuion in high-energy pp collisions.
ts relevance to the subject at hand derives from the potential utility of such a
system of electron wdentification in the intense pion environment of URN
collisions.

Trarsition radistion occurs when a relativistic chargad particle crosses the
interface between media with differant dielectric constants. The yield of TR
ptrotons saturates for vy > B0OOO and thus is ideal for electron/hadron
differentiation. The TR photon spectrum spans the region between 3 and
20 keV, with the peak at about 10 keV. The absolute yield is quite low for
realistic radiators (the yield st each interface being proportional to the fine
atructure constant), with approximately 0.1 photcn per cm in ‘compact” TRDs
The vmission angle of TR is proportional to v~ ', tmplying that the TR is detectec
along with s particie ionizstion snergy loss. The Landau tail of the ionization loss
is then the main background to the TR. Two techniques have been developed to
cope with this difficulty: the total-energy deposition method end the
cluster-counting method (i.e. clusters of photoelectrons due to absorption in the
gas of a TR photon). The resder is directed to references 11 for details of the two
methods. R suffices here to say thst, because one is generally interested in
involving the TFD in the trigger, the cluster method is preferred because it doe:
not require the use of FADCs. Rejaction power appears to be similar for the two
methods, howevor. We note that TRD construction is made difficult by the
requiremant that it be quite low in mass in order to minimize nuclear raactions by
hadrons and slectron conversions.

The HELIOS TRD contains eight modules, each of which consists of hundreds
of very thin CH; radiators followed by 8 2 ¢cm thick proportional chamber (PC)
(X@/CaH o) with finely segmented anode and cathode sectors simed at the target
tn this way, the PID information from tre TRD is associsted with specific tracks
that can be correlated with segments from other tracking elements of the
electron spectrometer. The TRD then significantly improves the electron
tdentification by rejecting candidates that ara in fact charged pione that happen
to coincide with electromagnetic energy (s.g. from a neutral plon) in the
appropriatd celorimeter sector. A schematic representation in one dimension of
the way the TRD cluster countirng distinguishes electrons, photon ccnversions,
and pions is given inFig. 4.
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A schematic representstion in The predicted electron identification
one dimension of the identifica- cepability of an ‘ultra-sampling’ TRD
tion capability of the HELIOS \see texy) in a background of 1000
TRD using cluster couriting. pions per m?.

in order to maxe use of tracking TRDs in the URN collision environment, one
must sppreciably increase the rejsction power while meintsining segmentation
sdequaste for the expscted electron densities. Dolgoshein et al. have developed
and tested (at Serpukhov) a small prototype'’ of an ‘ultra-sempling’ TRD that
appears to justify constructing 8 full-scale device for use in the nex: generation
of fixed-target nuclear-bsam experimants at CERN and BNL. The device would
have rajection power at the leve! of 10~ ° thanks to a large increase in the TR
photon yield per centimetre of detector (from 0.2 in the present HELIOS TRD to
0.4). This is sccomplished by making the radiator sections thinner (most TR
photons are absorbed by the radistor itself even in the bast case) snd using many
thin PCs. Such a device would be quite compact, with 50 modules each of
20-40 foils of 15 ym CH; followed by a 2 mm thick PC and would have some
interesting properties from the URN collision perspecti-a. The very thin PCs
would reduce the cluster counting to a ‘yes-no’ problsm in each PC, eliminating
the need for the rather complex cluster-counting electronics necessary in thicker
PCs. The thin PCs ars slso very fast (40 ns s compared to the spproximately
700 ns of the present HELIOS TRD) sliowing high-rate operation. A cr'culation of
the performance of such 8 TRD, based on Serpukhov prototype tests, indicates
that clean electron identification and trscking is possible in vary Intense pion
backgrounds. As sn example, In Fig. b the predicted number of ciusters detected
i the ‘ultre-sampling’ TRD is givan for electrons in & background of 1000 pions
per m?. Of courss, such a TRD will require » very large number of electronics
channels. in sddition, the technical probliems posed by the construction of 8 0.5
to 1 m?, 2 mm thick PC must not be underastimsted. Nonethe!sss, a TF.D such ss
described here, in conjunction with other tracking devices capabie nf high track
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density, could prove a very powertul tool in axtracting the important electron
signal in URN ccllisicns.

7. CONCLUSION

The need for PID in URN physics experimentation is evident. The nature of
URN interactions and the physics to be extracted places snormous demands on
the tlexibility and dynamic range of PID systems. We have seen that PID as
complementary information that derives from specific detectors placed '‘in
series’ with the detectors that provide tracking and celorimetery is barely
sdequate for light-ion baam fixed-target experiments. For heavier beams, and
sursly for collider experimentstion, one must fully integrate PID into the detector
system from the beginning. The design and construction of such detectors is one
of the mcst interesting and challenging technical aspects of URN physics.
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